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Niobium Cavities are important parts of the integrated NC/SC high-power 
linear accelerator (linac) that can accelerate over 100 mA of protons to several 
GeV.  Surface finish of the niobium cavity plays an important role of achieving the 
best performance of niobium cavity.  The chemical etching techniques have been 
widely used.     
Chemical etching of the inner surface of the cavity is achieved by circulating 
acid through it. The acid interacts with the surface and eliminates imperfections. 
During the etching process, a pipe with baffles is inserted within the cavity to 
direct the flow along the surfaces.  
A 2-D, axisymmetric, steady state, incompressible fluid flow model is 
developed to simulate the chemical process. The Femlab code based on the 
finite-element method is used. 
Benchmark cases were used to check the feasibility and accuracy of Femlab. 
 iv
Plausible results were achieved when the proved results were compared with the 
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Nuclear industry provides a significant percentage of the world, as well as that 
of the United States, electricity. Nuclear power produce thousands of tons of 
spent fuel. Some of this spent fuel can be radioactive for thousands of years. The 
US DOE is currently exploring the possibility of creating a permanent storage site 
at Yucca Mountain, Nevada for nuclear spent nuclear fuel: Accelerator 
Transmuting of Waste (ATW). In this approach, a particle accelerator produces 
protons that react with a heavy metal target to produce neutrons. A major 
component of the system is a linac that can accelerate over 100 mA of protons to 
several GeV. Los Alamos National Laboratory (LANL) is currently developing a 
superconducting RF (SCRF) high-current linear accelerator. SCRF has three 
major components: niobium cavities, power couplers and cryomodules.  This 















Figure 1.  Schematic diagram of a niobium cavity (Executive summary: 
development and performance of medium-beta superconducting cavities (LANL)) 
 
The performance of niobium cavity is a function of multipacting, which is a 
resonant process in which number of electrons build up a multipacting, absorbing 
RF power so that it becomes impossible to increase the cavity fields by raising 
the incident power. The electrons collide with the structure walls leading to a 
large temperature rise and eventually to superconducting cavities, thermal 
breakdown. As a result, the Q0 (quality factor) of the cavity is significantly 
reduced at the multipacting thresholds. A good cavity design should be able to 
eliminate, or at least to mimimize, multipacting. The factors that affect the 
multipacting includes: shape, surface finish, and coating. 
Surface finish is so important that even microscopic contaminants on the 
surface of cavity can seriously affect its performance due to magnetic heating or 
electron field emission. As a consequence, the surface finish treatment is needed 
after fabrication of the cavity. The surface treatment techniques include chemical 
etching method, electropolishing methods, plasma-spray coating method, high-
pressure water peening method, layer particle injection method, rolling and 
grinding method, honing, and lapping etc. Each method has advantage and 
disadvantage. For example, electropolishing method can provide a smooth, 
mirror like surface finish with no sharp steps at the grain boundaries, but the 
etching rate is slower than chemical etching method. On the other hand, surface 
contamination by sulfur must be removed by ultrasonic rinsing in hydrogen 
peroxide in chemical etching. A porous telflon membrane may also needed in 
cathode to keep the bubbles of hydrogen away from the niobium.  Over the 
years, the researchers have concluded that chemical etching might not improve 
the performance after certain depth ( ≅100 µm ) and the surface of the cavity get 
more etching near the iris regions than the equaor regions of the cavity. Singer et 
al. used combination of electropolishing and chemical etching to improve the 
surface quality. Aune et al. presented a comprehensive study on developing 
nine-cell cavity. They applied chemical etching to the surface of the cavity during 
different stages of manufacturing.  
To improve the performance of chemical etching, Los Alamos National 
Laboratory (LANL) employed a baffle to direct the etching fluid toward the walls 










Figure 2. Current etching configuration of a niobium cavity 
 
To study and understand the etching process, CFD technique now exerting a 
tremendous influence on the analysis of fluid flow phenomena, including heat 
transfer, mass transfer and chemical reaction is used to model the fluid flow 
problem.  The well known discretization methods used in CFD are Finite 
Difference Method (FDM), Finite Volume Method (FVM), Finite Element Method 
(FEM), and Boundary Element Method (BEM).  Comparing with the other 
methods, the FEM are especially flexible and efficient for discretizing the regions 





MODELING CHEMICAL ETCHING PROCESS IN NIOBIUM CAVITIES 
Modeling chemical etching process 
In the field of Engineering we come across many complex practical problems, 
the quantitative analysis of which is extremely tedious and usually not possible. 
In such cases we have to resort to the modeling and numerical techniques.  
To study the surface finish of niobium cavities, A model for a multiple-cell 
cavity based on “Executive Summary: Development and Performance of 
Medium-Beta Super conducting Cavities, LANL” is developed (Figure 3).   In the 
chemical etching process, the actual cells in five-cell niobium cavities are 
vertically situated. 
For simulating the process, CFD technique is employed.  The problem is 
modeled as a 2-D, steady state, axisymmetric, incompressible, Newtonian fluid 
flow problem.  During the chemical etching process the temperature of the cavity 
is maintained below 15oC, therefore heat factor is neglected.  The governing 





Figure 3. Five-cell niobium cavity geometry modeling 
 
Basic Concepts of Fluid Mechanics 
• Steady flow 
 ∂/∂t≡0 and all properties are functions of position only. 
• Incompressible flow 
The change of density is negligible, that is, the density of the flow is   
considered as constant. An explicit criterion for incompressible flow is:




V                               (2.1) 
  where Ma is the dimensionless Mach number of the flow.  Commonly if 
Ma≤0.3 we consider it as incompressible flow.   
• Viscosity 
It is an internal property of a fluid inversely proportional to the shear strain 
rate or deformation rate.  According to the viscosity, fluids can be classified as 
inviscid flow and viscid flow. For inviscid flow, the flow is frictionless and 
viscosity is zero. For viscid flow, the viscosity is nonzero. According to the 
relation of the shear stress and the deformation rate, fluids can be classified 
as Newtonian and non-Newtonian fluids. The linear fluid, the shear stress of 
which is directly proportional to deformation rate, is Newtonian fluid. The 
proportional constant is called the absolute or dynamic viscosity.  Otherwise 
the fluid is non-Newtonian fluid.   
• The Reynolds Number 
The Reynolds number is the most important dimensionless parameter in fluid 
dynamics and proportional to the ratio of inertial force to viscous force.  
νµ
ρ VLVL ==Re                               (2.2) 
where Re is the Reynolds number; µ is viscosity; ρ is density; ν  is kinematic 
viscosity; V and L are characteristic velocity and length of the flow.   
• Laminar, Turbulent and Transition Flow 
According to Re, fluids are normally classified as laminar, turbulent and 
transition flow. Very low Re implies creeping motion. Moderate Re implies 
laminar motion in which the flow is smooth, steady and moves in layers. High 
Re implies turbulent motion in which the flow moves disorderly and has 
fluctuations.  The transition motion happens in the changeover when the flow 
becomes irregular, unstable and fluctuating.  
 
Fluid Mechanics Equations 
The most important equations in fluid mechanics are the continuity equation 
(mass conservation equation) and momentum equations (motion equations). 
The continuity can be derived by considering an elemental control volume 
and using the mass conservation relation in the element.  The general compact 
form of continuity equation, which is always right no matter steady or unsteady, 




ρρ             (2.3) 









∂=∇            (2.4) 
and         kwjviuV ++=             (2.5) 
where u, v, w are x, y and z components of velocity respectively; ρ is density. 











ρρρρ                        (2.6) 
and in cylindrical coordinates: 












θ              (2.7)                     
Using the same elemental control volume, the momentum equation also can 
be derived by momentum relation in the infinitesimal control volume.  The 
general compact momentum equation with gravitational type of body force is: 
                    ijpgdt
Vd τρρ ⋅∇+∇−=             (2.8) 

































τ          (2.10) 
Equation (2.8) is a brief vector equation valid for any fluid in general motion, and 
its component equations in Cartesian form are: 























∂ τττρρ    
            (2.11a)       























∂ τττρρ   
            (2.11b)   























∂ τττρρ                
            (2.11c) 
where gx, gy, gz are x, y and z components of the acceleration of gravity; τxx, τyy, 
τzz, τxy, τxz, τyx, τyz, τzx, τzy are viscous stress components.  
The general momentum equations in cylindrical coordinates are: 


















































      
  (2.12a)    

















































  (2.12b)  















































                                         (2.12c)              
where vr, vθ, vz are r, θ and z components of velocity respectively; gr, gθ, gz are r, 
θ and z components of the acceleration of gravity; τrr, τθθ, τzz, τrθ, τθr, τθz, τzθ, τzr, 
τrz are viscous stress components.     
 Navier-Stokes Equations 
For a Newtonian fluid, as described earlier the viscous stresses are 
proportional to the element strain rates and the coefficient of viscosity. In this 









xx µτ                                 (2.13a)



























uryxxy µττ                          (2.13d)































∂=⋅∇          (2.14) 
Substituting Equations (2.13) into Equations (2.11), the momentum equations 
becomes 
































































    
  (2.15a)   




































































    
  (2.15b) 

































































                                  (2.15c) 
Equations (2.15) are the Navier-Stokes equations.  In the special case with 
constant viscosity and density, it can be simplified to:   







































x µρρ  
                          (2.16a)      







































y µρρ  
                (2.16b)   







































z µρρ    
            (2.16c) 
Equations (2.16) are the Navier-Stokes equation for incompressible flow in 
cartesian coordinates, in cylindrical coordinates the equations become 
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Governing Equations for Chemical Etching Process Modeling 
For the chemical etching process modeling problem, which is modeled as a 2-
D, steady state, axisymmetric, incompressible, Newtonian fluid flow problem, the 
continuity and momentum equations are greatly simplified. For convenience, the 
cylindrical coordinate system is employed. 
Due to the assumption that the viscosity and density of the etching fluid are 









rr θθ        (2.18) 
Since the problem is in the steady state condition, the time term is removed. 
Furthermore, for axisymmetric fluid problems, vθ and ∂/∂θ are considered to be 
approximately zero and the 3-D problem is simplified to 2-D problem. Thus the 
equations (2.17) and (2.18) reduce to  







         (2.19) 
The Momentum Equation: 





























vv rrrrzrr µρρ   
  (2.20a)       






























vv zzzzzzr µρρ           
  (2.20b) 
where gr=0.  The equations (2.19) and (2.20) are governing equations for CFD 





FINITE ELEMENT METHOD 
Introduction 
The finite element method (FEM) is a powerful numerical technique and 
computational tool.  Although this method was first developed for use in the 
aircraft structural analysis. With the rapid advances in computer technology in 
recent years, the usage of the method has been extended into wide field of 
engineering ranging from the stress analysis of aeronautics, automotive and 
building to the field analysis of heat transfer, fluid flow and so on. 
Comparing to other numerical method, such as the finite difference method 
(FDM) or the finite volume method (FDM) and boundary element method (BEM), 
the finite element method has the advantages as follows. 
• The ease of handling irregular geometries.  
• The ease of the uniform or non-uniform mesh discretization.  
• The ease of incorporating the boundary conditions directly into the integral 
formulation. 
• The ease of handling nonhomogeneous and anisotropic materials. 
• The ease of establishing the governing equations, as well as the compact and 
well-defined linear algebra and matrix operations associated with it. 
• The ease of implementing the high-order elements.    
With all the ease as stated above, the finite element method has become very 
popular. 
The basic idea of the FEM is to discretized the domain into small subdomains 
called finite elements or elements.  Different shapes are available, such as 
straight line in one dimension, triangles and quadrilaterals in two dimensions, and 
tetrahedra, pentahedra, and hexahedra for three dimensions.  These elements 
are interconnected at defined points called nodes. The nodes and the elements 
constitute the FEM mesh.  Inside the elements, the value of the field variables 
such as velocity, pressure and temperature are specified by the interpolation 
functions, which are functions of the values at the nodes.  A set of linear 
equations, which unknowns are the values of the field variable of the nodes, will 
be produced according to each element.  At this point, the field can be calculated 
easily by any matrix algebra technique.    
In the history of FEM, three approaches including direct approach, variational 
approach (such as Rayleigh-Ritz method) and weighted residual approach (such 
as Gelerkin method and least squares method) were developed.  Among the 
three approaches, with the ease of being derived directly from the differential 
equations, the weighted residual approach is the most widely used one.     
The Weighted Residual Method 
A general representation of single governing equation with only a variable is: 
 0)( =φf           in Ω         (3.1) 
                        0)(1 =φg           on 1Γ         (3.2a) 
                        0)(2 =φg           on 2Γ         (3.2b) 
where the variableφ  is only function of x ; f is a function of φ  in the whole 
domainΩ ; 1Γ  and 2Γ  are the boundary parts ofΩ . 








' )()()( φφ            (3.3) 
where ia are constants and )(xNi are the shape functions; )(
' xφ is 
approximate variable satisfying all the boundary conditions.  R, residual, is 
defined as: 
)( 'φfR =           (3.4) 
where some conditions are required to makeR small.  In the weighted 
residual method, the criterion is takes as: 
∫
Ω
= 0Rdxwi        (3.5) 
where iw are the weighting functions or weights. R is zero when )(
' xφ is 
equal to the exact solution )(xφ . 
Referring to the choice of the weighting function, several different 
methods like collocation, subdomain collocation, least square and Galerkin 
are applicable. Of these methods, Galerkin method is the most popular in 
recent years.  
Galerkin Method 
In the Galerkin method, the weighting functions are specified to be same 
as the shape function. Equation (3.5) changes to 
 ∫
Ω
= 0RdxNi             (3.6) 
Practically The finite element is always processed by step by step, the 
procedure in Galekin method can be stated by the steps below: 
Step 1:  Discretizing the domain. 
Step 2: Selecting the interpolation function for )(eφ , such as shown below for 







e xNyx φφ ∑
=
=          (3.7) 
Step 3: Setting up the integral equation like equation (3.6) and deriving the 
matrix. The weights are taken the same as the shape functions.  We can 
use a one-dimensional problem to explain this step.  The governing 











T   in Ω      (3.8a) 
with boundary condition: 




∂    on 2Γ       (3.8c) 











∂∫∫ dxdyyTxTwA i         (3.9) 
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jiji       (3.11) 
so the stiffness matrix is 





















K )(       (3.12) 




e ∫=)(       (3.13) 
Step 4: Assembling the element equations. 
Step 5: Solving the matrix and getting the solutions for the field variables φ  
at the nodes.  
Linear Triangular Element 
In two-dimension problem, the field variable ),( yxφ could be approximated by 
linear, quadratic, cubic and high-order polynomial functions. The linear 
approximation is the most common one. It can be expressed as 
yxx 321)( αααφ ++=         (3.14) 
For linear triangular element, each element has three nodes as shown in  
Figure 4.  The node values are 
                        131211 yx αααφ ++=        (3.15a) 
232212 yx αααφ ++=     (3.15b) 
333213 yx αααφ ++=     (3.15c) 
Where 1x , 2x , 3x  are the x coordinates of node 1,2 and 3 respectively; 1y , 
2y , 3y  are the y coordinates of node 1,2 and 3 respectively. 
 
 
Figure 4. Two-dimensional linear triangular element 
 
Now solving for 1α , 2α and 3α  
 [ ]312212311312332)(1 )()()(2
1 φφφα yxyxyxyxyxyx
A e
−+−+−=    (3.16a)  
 [ ]321213132)(2 )()()(2
1 φφφα yyyyyy
A e
−+−+−=        (3.16b) 
 [ ]312231123)(3 )()()(2
1 φφφα xxxxxx
A e






)( yxyxyxyxyxyxA e −+−+−=         (3.17) 
The variable ),( yxφ also can be written according to the shape function 
332211 NNN φφφφ ++=       (3.18) 



























3 −+−+−=     (3.19c) 
For every N1, N2 and N3 of linear triangular elements, there exists a relation 
1321 =++ NNN       (3.20) 
Therefore the shape functions are not all independent.  For convenience, 
the two independent shape functions are also represented by the natural 
coordinates ξ , η . 
ξ=1N     (3.21a) 
η=2N     (3.21b) 
ηξ −−= 13N     (3.21c) 
The isoparametric representation is: 
332211 NxNxNxx ++=     (3.22a) 
332211 NyNyNyy ++=     (3.22b) 
The substitution of equations (3.13) into (3.14) gets 
33231 )()( xxxxxx +−+−= ηξ     (3.23a) 
33231 )()( yyyyyy +−+−= ηξ     (3.23b) 
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ξ       (3.25) 






















J       (3.26) 































1       (3.27) 
The Finite Element Method For Chemical Etching Process Modeling 
The governing equations (2.19) and (2.20) of the chemical etching 
process modeling were given before. For avoiding the confusion, rv and zv  
are replaced by u  and v  respectively in the rest of this chapter.  The 




































































      (3.28c) 
 In the equations (3.28), we consider the pressure p , the velocity 
components rv  in the radian direction and zv in the z direction as unknowns 






























=     (3.29c) 
where piN ,
u
iN  and 
v







i NNNN ===       (3.30) 






































































































i           (3.31c) 
where   
rdrdzdV π2=       (3.32) 






























































































































i            (3.33c) 
Integrating the equations (3.33) by parts, at the same time, eliminating p , u  




































































































































































































iji     (3.34c) 
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             (3.36) 
The element equations (3.35a), (3.35b), (3.35c) can be combined into 
 )()()( eei



































































        (3.38) 
The element equations can be assembled to get the overall equations as 
 [ ] fK =φ               (3.39) 
where 























)(            (3.42) 





FEMLAB SOFTWARE VERIFICATION 
Introduction 
FEMLAB is commercial software based on partial differential equations and 
the finite element method.  FEMLAB is characterized as interactive and user-
friendly graphical user interface, including CAD modeling, physics or equation 
coefficient definitions, boundary condition setting, automatic mesh generation, 
equation solving, visualization, and postprocessing.  Another important 
advantage of FEMLAB is programming capabilities by using the specific 
programming language, an extension of the MATLAB language.  Therefore, 
FEMLAB is widely used package for modeling and simulating scientific and 
engineering problems.  
For checking the accuracy of FEMLAB, two well-known fluid flow cases are 
simulated using FEMLAB.  One is square cavity flow case, and the other one is 
backward facing step case.  The results are compared to proven results got by 
Odus R. Burggraf (136) and B.F.Armaly, et al. (957-960) respectively.  It turns 
out FEMLAB is feasible in CFD problem. 
 
 














































































 Figure 11. Vorticity contours for square cavity flow at Re=400 
 
Table 1. Comparison of the proved results with Femlab results for square cavity 
 
Re=0 Re=1 Re=100 Re=400 
























Burggraf 0.100 3.20   0.101 3.14 0.102 2.15 
Current   0.100 3.23 0.104 3.18 0.114 2.29 
 
 





Backward-facing Step Benchmarking 
 
 
Figure 12. Geometry and boundary conditions for backward-facing step  
 
 
Figure 13. Streamline contours for backward-facing step at Re=800. 
Contour Level: -0.030, -0.025, -0.020, -0.015, -0.010, -0.005, 0, 0.050, 0.100, 
0.150, 0.200, 0.250, 0.300, 0.350, 0.400, 0.450, 0.490, 0.500, 0.504. 
 
 Figure 14. Vorticity contours for backward-facing step at Re=800 











 Figure 15. Velocity contours for backward-facing step at Re=800 




Table 2. Comparison of the proven results with Femlab results of lower wall eddy 
for backward-facing step 
 
 Vortex center 
(x,y) 
Stream function 







et al. (3.350, -0.200) -0.0342 -2.283 6.10 






Table 3. Comparison of the proven results with Femlab results of upper wall eddy 






















0.300) 0.5064 1.322 (4.85, 0.50) (10.48, 0.50) 5.63 






SIMULATION AND PARAMETER STUDIES 
Introduction 
In the LANL, the chemical etching method is applied to polish the inner 
surface of the niobium cavity. The etching fluid consists of Nitric Acid, 
Hydrofluoric Acid and Phosphoric Acid (Table 4). The circulating acids interact 
with the interior surface. During this process, a pipe with baffles is inserted into 
the cavity to direct the fluid along its inner surfaces. Using FEMLAB, this original 
case is first simulated to study the performance of the etching process. 
 
Table 4. Chemical Composition of the Etching Fluid 
Ratio 
(by Volume) 
Acid Reagent Grade 
1 Nitric Acid (HNO2) (69-71%) 
1 Hydrofluoric Acid (HF) (48%) 




From the fluid mechanics point of view, the parameter studies are also 
completed, by changing the sizes and location of the baffle.   
A performance index (PI), using two variables, is defined to evaluate the 
performance of surface polishing. Based on the performance index, the results 
are compared and the optimum performance is obtained in this way.  
The Simulation Of The Original Baffle Design Case  
Etching fluid parameter 
For the etching fluid, the values of density (ρ) and viscosity (µ) are shown below:                             
ρ = 1532 kg/m3  












so the flow is a laminar flow for the original baffle design.  For all the other cases 
we will study next, since all the coefficients relative to Reynolds number are not 
changed, they are also laminar flows. 
Niobium cavities geometry 
Since the niobium cavities are axisymmetric, we could study half of the geometry 
instead of the whole geometry. 
Half of the geometry of the niobium cavity with the baffle is shown in Figure 16.   
There is an internal line close to the inner surface. It is created to assess the 
performance index. In the next section it will be explained in more detail.    
 
 
 Figure 16. The half geometry with the baffle 
 
The boundary conditions 
The flow comes in from the bottom inlet and comes out of the small hole at the 
end of the baffle pipe. The top of the cavity is closed.   At the inlet, z-direction 
velocity is a parabolic function vz = 0.09505(2s-s2) and r-direction velocity is zero.  
At the outlet, the pressure is considered as zero. At the surface of the cavity and 
the baffle, the boundary condition is no slip.  
The mesh 
The mesh shown in Figure 17 consists of 9475 triangular elements.  The 
geometry has the properties of a narrow flow area near the baffle and a relatively 
small flow outlet area.  Considering the specific geometry, the dense mesh is 
given around the area mentioned above. 
  



















Figure 19. The velocity contour for the original design 
The Performance Index Of The Original Baffle Design 
Performance Index 
As shown in Figure 16, the Internal line, a little gap away from the wall, is created 
for the convenience of the performance index.  The line is a combination of the 
inlet segment, the outlet segment and the cavity segments. Each cavity is divided 
into six vertical segments (Figure 20), beginning from the bottom with segment 1, 
and continuing up through segment 2, 3, 4, 5 and 6.   
 
 






Performance index is defined using two variables: 






























The first variable V describes the average velocity along the inner line; the 
second variable SDV defines its standard deviation. The optimum baffle design is 
acquired by maximizing the first variable and minimizing the second variable.  
The results of the original design case (Table 5)  
In table 5, the cavity cells are counted from the bottom to the top in the 
ascending order, so cavity cell 1 is the bottom cavity cell and the cavity cell 5 is 
the top cavity cell.   
From the table, it is obvious that for every cavity the bottom iris (segment 1) and 
And the top iris (segment 6) have larger velocity.  For the original design, V and  








 Table 5. The performance index of the original design case 
Segment Average Velocity (m/s) 
Segment 1 0.0272 
Segment 2 0.0015 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0046 
Cavity 
Cell 1 
Segment 6 0.1457 
Segment 1 0.1326 
Segment 2 0.0061 
Segment 3 0.0015 
Segment 4 0.0011 
Segment 5 0.0147 
Cavity 
Cell 2 
Segment 6 0.1751 
Segment 1 0.1399 
Segment 2 0.0045 
Segment 3 0.0005 
Segment 4 0.0004 
Segment 5 0.0141 
Cavity 
Cell 3 
Segment 6 0.1793 
Segment 1 0.1459 
Segment 2 0.0044 
Segment 3 0.0003 
Segment 4 0.0005 
Segment 5 0.0161 
Cavity 
Cell 4 
Segment 6 0.1871 
Segment 1 0.1581 
Segment 2 0.0098 
Segment 3 0.0030 
Segment 4 0.0032 
Segment 5 0.0293 
Cavity 
Cell 5 








For getting the optimum baffle design, we choose five variables (Figure 21) 
representing the size and location of the baffle as the parameters and simulate 
the different baffle designs by changing the parameters.   
 
 
Figure 21. Niobium cavity with five parameters labeled 
 
The parameters 
In Figure 21, the parameters (the variables) are defined as 
v1: location of the baffle (relative to the location y coordinate is 0) 
v2: thickness of the baffle 
v3: spacing between baffles 
v4: radius of the pipe 
v5: radius of the baffle 
Parameter study 1 
12 cases (Table 6) are studied. For each case, one parameter is changed from 
the original design.  The simulation results are shown in flow line plots and 
velocity contours in Figures 22 through 45.  The performance indexes are listed 
in Table 7. 
 
Table 6. The cases of parameter study 1  
 v1 v2 v3 v4 v5 
Original Design -0.03 0.012 0.125 0.03 0.06 
Case 1 -0.006 0.012 0.125 0.03 0.06 
Case 2 0 0.012 0.125 0.03 0.06 
Case 3 0.03 0.012 0.125 0.03 0.06 
Case 4 -0.03 0.009 0.125 0.03 0.06 
Case 5 -0.03 0.015 0.125 0.03 0.06 
Case 6 -0.03 0.012 0.135 0.03 0.06 
Case 7 -0.03 0.012 0.125 0.02 0.06 
Case 8 -0.03 0.012 0.125 0.04 0.06 
Case 9 -0.03 0.012 0.125 0.03 0.04 
Case 10 -0.03 0.012 0.125 0.03 0.05 
Case 11 -0.03 0.012 0.125 0.03 0.07 










Figure 22. Flow line plot for case 1 (v1=-0.006) of parameter study 1 
 
 
Figure 23. Velocity contour for case 1(v1=-0.006) of parameter study 1 
 
   
 
Figure 24. Flow line plot for case 2 (v1=0) of parameter study 1 
 
 
Figure 25. Velocity contour for case 2 (v1=0) of parameter study 1 
  
Figure 26. Flow line plot for case 3 (v1=0.03) of parameter study 1 
 
 
Figure 27. Velocity contour for case 3 (v1=0.03) of parameter study 1 
 
  
Figure 28. Flow line plot for case 4 (v2=0.009) of parameter study 1 
 
 
Figure 29. Velocity contour for case 4 (v2=0.009) of parameter study 1 
 
  
Figure 30. Flow line plot for case 5 (v2=0.015) of parameter study 1 
 
 
Figure 31. Velocity contour for case 5 (v2=0.015) of parameter study 1 
  
Figure 32. Flow line plot for case 6 (v3=0.135) of parameter study 1 
 
 
Figure 33. Velocity contour for case 6 (v3=0.135) of parameter study 1 
 
  
Figure 34. Flow line plot for case 7 (v4=0.02) of parameter study 1 
 
 
Figure 35. Velocity contour for case 7 (v4=0.02) of parameter study 1 
 
  
Figure 36. Flow line plot for case 8 (v4=0.04) of parameter study 1 
 
 




Figure 38. Flow line plot for case 9 (v5=0.04) of parameter study 1 
 
 
Figure 39. Velocity contour for case 9 (v5=0.04) of parameter study 1 
 
  
Figure 40. Flow line plot for case 10 (v5=0.05) of parameter study 1 
 
 
Figure 41. Velocity contour for case 10 (v5=0.05) of parameter study 1 
 
  
Figure 42. Flow line plot for case 11 (v5=0.07) of parameter study 1 
 
 
Figure 43. Velocity contour for case 11 (v5=0.07) of parameter study 1 
 
  
Figure 44. Flow line plot for case 12 (v5=0.08) of parameter study 1 
 
 
Figure 45. Velocity contour for case 12 (v5=0.08) of parameter study 1 
 











From the Table 7, we can see 
• For the first three cases, the average velocities are a little lower than that of 
the original design, and the standard deviations increase when the baffle is 
moving up.  
• In cases 4 and 5, the thickness of the baffle is adjusted. When the value of v2 
is small (v2=0.009), a better design than the original one is produced. 
•  Case 6 is not good design since V becomes less and SDV larger compared 
to the original case. 
• For cases 7 and 8, we get relatively smaller velocities. 
• For the last four cases, the radius of the baffle, which is very important to 
direct the flow along the inner surface is the variable to study. The 
Case Parameter V SDV 
 Original Design  0.0482 0.2422 
 Case 1  v1=-0.006 0.0405 0.2685 
 Case 2  v1=0 0.0407 0.2697 
 Case 3  v1=0.03 0.0429 0.2702 
 Case 4  v2=0.009 0.0617 0.2381 
 Case 5  v2=0.015 0.0463 0.2432 
 Case 6  v3=0.135 0.0415 0.2558 
 Case 7  v4=0.02 0.0120 0.2557 
 Case 8  v4=0.04 0.0206 0.3500 
 Case 9  v5=0.04 0.0268 0 .2412 
 Case 10  v5=0.05 0.0330 0.2475 
 Case 11  v5=0.07 0.0023 0.2665 
 Case 12  v5=0.08 0.0023 0.2751 
performances are not improved. In the last two cases, the velocities are the 
lowest among all 12 cases.  
Parameter study 2 
In this parameter study (Table 8), the location of the baffle is fixed to the 
centerline of the cavities.  This means v1 is -0.006. The radius of the baffle is 
increased from 0.04 m to 0.08 m.  The simulation results are shown in Figures 46 
through 51.  The performance indexes are listed in Table 9.  
 
Table 8. The cases of parameter study 2  
Case v1 v2 v3 v4 v5 
 Original Design -0.030 0.012 0.125 0.03 0.06 
 Case 1(study 1) -0.006 0.012 0.125 0.03 0.06 
 Case 1 -0.006 0.012 0.125 0.03 0.04 
 Case 2 -0.006 0.012 0.125 0.03 0.05 


























Figure 47. Velocity contour for case 1(v1=-0.006, v5=0.04) of parameter study 2 
 
  



















Table 9. The performance indexes for the parameter study 2 
 
Case Parameter V SDV 
 Original Design       v1=-0.030       v5= 0.060 0.0482 0.2422 
 Case 1(study 1)       v1=-0.006       v5= 0.060 0.0405 0.2685 
 Case 1       v1=-0.006       v5= 0.040 0.0225 0.2696 
 Case 2       v1=-0.006       v5= 0.050 0.0030 0.2614 
 Case 3       v1=-0.006        v5= 0.080 0.0045 0.2101 
 
 
From the Table 9, we can observe that case 3 has the lowest SDV but the 
average velocity is very slow, and the original design has the largest velocity in 









From all the simulations and parametric studies, we conclude the baffle radius 
(v5) and baffle location (v1) variables play a very important role when compared 
to the other variables. The baffle radius is a more sensitive variable; it should be 
optimized so that it guides the fluid to the inner surface of the cavity.  
We get one case, in which the thickness of baffle is reduced (case 4 of study 
1), satisfied with lower standard deviation and higher velocity when comparing all 
cases with the original design case.  That is the optimum design among all 
cases. 
If possible, the experiments should be done to check all the theoretical 







THE FEMLAB PROGRAM CODE FOR THE PARAMETER STUDIES 
The FEMLAB code (.m file) 
%  FEMLAB Model M-file 
% Generated 17-Oct-2001 15:50:41 by FEMLAB 2.2.0.125. 
% This file parameterize the geometry of the baffle 
%v(1)   location of the baffle  
%v(2)   thickness of the baffle 
%v(3)   spacing between baffles 
%v(4)   radius of the pipe 















% Recorded command sequence 
 




clear s c p 
p=[-0.200 -0.200 -0.200  ... 
-0.200 -0.200 -0.200  ... 
-0.200 -0.200 -0.200  ... 
-0.200 -0.200 -0.200  ... 
-0.200 -0.200 -0.200  ... 
-0.172 -0.172 -0.172  ... 
-0.172 -0.172 -0.172  ... 
-0.172 -0.172 -0.170  ... 
-0.170 -0.112 -0.112 -0.098  ... 
-0.098 -0.098 -0.098  ... 
-0.098 -0.098 -0.098  ... 
-0.098 -0.080 -0.080  ... 
-0.080 -0.080 -0.080  ... 
-0.080 -0.065 -0.065  ... 
-0.065 -0.065 -0.065  ... 
-0.065 -0.065 -0.065  ... 
-0.065 -0.065 -0.065  ... 
-0.065 -0.065 -0.065  ... 
-v(5) -v(5) -v(5)  ... 
-v(5) -v(5) -v(5)  ... 
-v(5) -v(5) -v(5)  ... 
-v(5) -v(4) -v(4)  ... 
-v(4) -v(4) -v(4)  ... 
-v(4) -v(4) -v(4)  ... 
-v(4) -v(4) -v(4)  ... 
-v(4) -v(4) 0 0 0; 
-0.036 0.0 0.0320 ... 
0.106 0.138 0.170  ... 
0.244 0.276 0.308  ... 
0.382 0.414 0.446 0.52  ... 
0.552 0.588 0.0320 0.106  ... 
0.170 0.244 0.308 0.382  ... 
0.446 0.52 -0.036  ... 
0.588 -0.046 0.598  ... 
0.045 0.093 0.183 0.231  ... 
0.321 0.369 0.459  ... 
0.507 -0.169 -0.070  ... 
-0.046 0.599 0.621 0.670  ... 
0.045 0.0699 0.093 0.183  ... 
0.207 0.231 0.321  ... 
0.345 0.369 0.459  ... 
0.483 0.507 0.684  ... 
0.714 v(1) v(1)+v(2)  v(1)+v(2)+v(3) v(1)+2*v(2)+v(3)  ... 
v(1)+2*v(2)+2*v(3) v(1)+3*v(2)+2*v(3) v(1)+3*v(2)+3*v(3)  ... 
v(1)+4*v(2)+3*v(3) v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) v(1)  ... 
v(1)+v(2) v(1)+v(2)+v(3) v(1)+2*v(2)+v(3) v(1)+2*v(2)+2*v(3)  ... 
v(1)+3*v(2)+2*v(3) v(1)+3*v(2)+3*v(3) v(1)+4*v(2)+3*v(3)  ... 
v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) 0.684  ... 
0.694 0.714 -0.169  ... 
-0.069 v(1)]; 
 
rb={[2 5 8 11 14 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34  ... 
35 36 37 40 41 43 46 49 52 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69  ... 
70 71 72 73 74 75 76 77 78 79 80 81],[16 17 18 19 20 21 22 23 24 25 36 36  ... 
40 41 54 55 56 56 57 58 58 59 60 60 61 62 62 63 64 64 65 66 67 69 71 73 75  ... 
76 77 79 80;28 29 30 31 32 33 34 35 26 27 37 79 41 54 55 78 57 66 67 59 68  ... 
69 61 70 71 63 72 73 65 74 75 81 68 70 72 74 76 77 78 80 81],[2 2 5 5 8 8  ... 
11 11 14 14 26 27 28 29 30 31 32 33 34 35;3 1 4 6 7 9 10 12 13 15 38 39 42  ... 
44 45 47 48 50 51 53;16 24 17 18 19 20 21 22 23 25 37 40 43 43 46 46 49 49  ... 
52 52],zeros(4,0)}; 
wt={zeros(1,0),ones(2,41),[1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1; ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746 0.70710678118654746  ... 
0.70710678118654746 0.70710678118654746;1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
... 
1 1],zeros(4,0)}; 
lr={[NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 
NaN NaN  ... 
NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 
NaN NaN NaN NaN  ... 
NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 
NaN NaN NaN NaN  ... 
NaN NaN NaN NaN NaN NaN],[0 1 0 1 0 1 0 1 1 0 0 1 0 0 0 0 1 0 1 1 0 1 1 0 1  
... 
1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 1;1 0 1 0 1 0 1 0 0 1 1 0 1 1 1 1 0 1 0 0 1 0  ... 
0 1 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0],[0 1 1 0 1 0 1 0 1 0 1 0 0 1 0 1 0 1  ... 































p=[-0.19 -0.19 -0.171; ... 




















p=[-0.112 -0.070 -0.070; ... 


































































p=[-0.0980 -0.055 -0.055; ... 





p=[-0.0980 -0.055 -0.055; ... 











p=[-0.0980 -0.055 -0.055; ... 














p=[-0.112 -0.070 -0.070; ... 








p=[-0.070000000000000007 -0.054999999999999993 -0.054999999999999993; 
... 
0.67000000000000004 0.68400000000000005 0.70399999999999996]; 
rb={1:3,[1 2;2 3],zeros(3,0),zeros(4,0)}; 
wt={zeros(1,0),ones(2,2),zeros(3,0),zeros(4,0)}; 
lr={[NaN NaN NaN],zeros(2,2),zeros(2,0),zeros(2,0)}; 
B33=curve2(p,rb,wt,lr); 
p=[-0.054999999999999993 -0.040000000000000001 -0.040000000000000001; 
... 
0.70399999999999996 0.624 0.70399999999999996]; 
rb={1:3,[1 2;3 3],zeros(3,0),zeros(4,0)}; 
wt={zeros(1,0),ones(2,2),zeros(3,0),zeros(4,0)}; 
















































appl{1}.bnd.ind=[1 1 2 1 1 2 1 1 2 1 1 2 2 2 2 2 1 2 2 1 1 3 1 1 2 2 2 1 1  ... 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 4 4 5 5 1 1 1 1 1 1 1 1 1 1  ... 







% Initialize mesh 
fem.mesh=meshinit(fem,... 
 'Out',    {'mesh'},... 
 'jiggle', 'mean',... 
 'Hcurve', 0.29999999999999999,... 
 'Hgrad',  1.3,... 
 'Hmax',   {[],zeros(1,0),zeros(1,0),zeros(1,0)},... 
 'Hnum',   {[],[22 30 26 17 27 17 28 30 29 10 30 17 31 17 32 10 33 17 34 
17  ... 
35 10 36 17 37 17 38 10 39 17 40 17 41 10 42 17 43 17 44 10 45 17 46 17 47  ... 
40 48 17 49 40 50 5 51 15 52 40 53 10 82 10 85 10]},... 





% Boundary conditions 
fem.border=1; 
 
% Problem form 
fem.form='general'; 
 






% Differentiation simplification 
fem.simplify='on'; 
 
% Differentiation rules 
fem.rules={}; 
 
% Define application mode variables 
fem.var={}; 
 






















bnd.ind=[1 1 2 1 1 2 1 1 2 1 1 2 2 2 2 2 1 2 2 1 1 3 1 1 2 2 2 1 1 1 1 1 1  ... 
1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 4 4 5 5 1 1 1 1 1 1 1 1 1 1 2 2 2 2  ... 



























































% Shape functions 
fem.shape={'shlag(1,''u'')','shlag(1,''v'')','shlag(1,''p'')'}; 
 
% Define variables 
fem.variables={... 
 'vmax',   0.095049999999999996,... 
 'rh',     1532,... 
 'g',      -9.8100000000000005,... 
 'et',     0.022100000000000002}; 
 
% Extend the mesh 
fem.xmesh=meshextend(fem,'context','local'); 
 
% Evaluate initial condition 
u0=asseminit(fem,... 
 'context','local',... 
 'init',   fem.xmesh.eleminit); 
 
% Solve nonlinear problem 
fem.sol=femnlin(fem,... 
 'out',    'sol',... 
 'stop',   'on',... 
 'init',   u0,... 









 'bsteps', 1,... 
 'ntol',   0.001,... 
 'hnlin',  'off',... 
 'jacobian','equ',... 
 'maxiter',50,... 
 'method', 'eliminate'); 
 % Save current fem structure for restart purposes 
fem0=fem; 








 'trimap', 'jet',... 
 'trimaxmin','off',... 
 'tribar', 'on',... 
 'geom',   'on',... 
 'geomcol','bginv',... 
 'refine', 1,... 
 'contorder',1,... 
 'phase',  0,... 
 'title',  'Surface: velocity field (U)  ',... 
 'renderer','zbuffer',... 
 'solnum', 1,... 
 'axisvisible','on') 
AXIS([-0.6 0.4 -0.2 0.8]) 
 











 'geom',   'on',... 
 'geomcol','bginv',... 
 'refine', 3,... 
 'contorder',2,... 
 'phase',  0,... 
 'title',  'Contour: velocity field (U)  ',... 
 'renderer','zbuffer',... 
 'solnum', 1,... 
 'axisvisible','on') 
AXIS([-0.6 0.4 -0.2 0.8]) 















 'geom',   'on',... 
 'geomcol','bginv',... 
 'refine', 3,... 
 'contorder',2,... 
 'phase',  0,... 
 'title',  'Flow: [r velocity (u),z velocity (v)]  ',... 
 'renderer','zbuffer',... 
 'solnum', 1,... 
 'axisvisible','on') 






































%PI for the Entrance 
% Integrate on subdomains 
I1=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 





%PI for the 1st length 
% Integrate on subdomains 
I2=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




%PI for the  length 2 
% Integrate on subdomains 
I3=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




%PI for the  length 3 
% Integrate on subdomains 
I4=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




%PI for the  length 4 
% Integrate on subdomains 
I5=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I6=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I7=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 






%PI for the 2nd Cell 
% Integrate on subdomains 
I8=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I9=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I10=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I11=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I12=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I13=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 






%PI for the 3rd Cell 
% Integrate on subdomains 
I14=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I15=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I16=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I17=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I18=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I19=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 






%PI for the 4th Cell 
% Integrate on subdomains 
I20=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I21=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I22=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I23=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I24=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I25=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 






%PI for the 5th Cell 
% Integrate on subdomains 
I26=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I27=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I28=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I29=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I30=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 




% Integrate on subdomains 
I31=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 






%PI for the Exit 
 
 
% Integrate on subdomains 
I32=postint(fem,'U',... 
 'cont',   'on',... 
 'contorder',1,... 
 'edim',   1,... 
 'solnum', 1,... 
 'phase',  0,... 
 'geomnum',1,... 





































 Table 10. The performance index for case 1 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0113 
Segment 2 0.0011 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0036 
Cavity 
cell 1 
Segment 6 0.1482 
Segment 1 0.0811 
Segment 2 0.0024 
Segment 3 0.0002 
Segment 4 0.0004 
Segment 5 0.0068 
Cavity 
cell 2 
Segment 6 0.1744 
Segment 1 0.0914 
Segment 2 0.0043 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0124 
Cavity 
cell 3 
Segment 6 0.1957 
Segment 1 0.0859 
Segment 2 0.0049 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0144 
Cavity 
cell 4 
Segment 6 0.2088 
Segment 1 0.0838 
Segment 2 0.0045 
Segment 3 0.0004 
Segment 4 0.0002 
Segment 5 0.0128 
Cavity 
cell 5 







 Table 11. The performance index for case 2 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0099 
Segment 2 0.0010 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0036 
Cavity 
cell 1 
Segment 6 0.1510 
Segment 1 0.0771 
Segment 2 0.0029 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0096 
Cavity 
cell 2 
Segment 6 0.1839 
Segment 1 0.0822 
Segment 2 0.0046 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0132 
Cavity 
cell 3 
Segment 6 0.2017 
Segment 1 0.0876 
Segment 2 0.0034 
Segment 3 0.0001 
Segment 4 0.0000 
Segment 5 0.0095 
Cavity 
cell 4 
Segment 6 0.2004 
Segment 1 0.0864 
Segment 2 0.0047 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0124 
Cavity 
cell 5 







 Table 12. The performance index for case 3 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0069 
Segment 2 0.0007 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0022 
Cavity 
cell 1 
Segment 6 0.1783 
Segment 1 0.0818 
Segment 2 0.0019 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0071 
Cavity 
cell 2 
Segment 6 0.1875 
Segment 1 0.0842 
Segment 2 0.0023 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0074 
Cavity 
cell 3 
Segment 6 0.2014 
Segment 1 0.0883 
Segment 2 0.0027 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0087 
Cavity 
cell 4 
Segment 6 0.2059 
Segment 1 0.0948 
Segment 2 0.0056 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0084 
Cavity 
cell 5 







 Table 13. The performance index for case 4 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0256 
Segment 2 0.0013 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0042 
Cavity 
cell 1 
Segment 6 0.1406 
Segment 1 0.1451 
Segment 2 0.0018 
Segment 3 0.0001 
Segment 4 0.0002 
Segment 5 0.0098 
Cavity 
cell 2 
Segment 6 0.1755 
Segment 1 0.1864 
Segment 2 0.0064 
Segment 3 0.0010 
Segment 4 0.0008 
Segment 5 0.0216 
Cavity 
cell 3 
Segment 6 0.1860 
Segment 1 0.2250 
Segment 2 0.0128 
Segment 3 0.0015 
Segment 4 0.0012 
Segment 5 0.0295 
Cavity 
cell 4 
Segment 6 0.2078 
Segment 1 0.2879 
Segment 2 0.0396 
Segment 3 0.0541 
Segment 4 0.0188 
Segment 5 0.0246 
Cavity 
cell 5 







 Table 14. The performance index for case 5 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0275 
Segment 2 0.0028 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0032 
Cavity 
cell 1 
Segment 6 0.1444 
Segment 1 0.1242 
Segment 2 0.0143 
Segment 3 0.0010 
Segment 4 0.0007 
Segment 5 0.0392 
Cavity 
cell 2 
Segment 6 0.1839 
Segment 1 0.1194 
Segment 2 0.0052 
Segment 3 0.0005 
Segment 4 0.0009 
Segment 5 0.0252 
Cavity 
cell 3 
Segment 6 0.1957 
Segment 1 0.1122 
Segment 2 0.0041 
Segment 3 0.0008 
Segment 4 0.0007 
Segment 5 0.0069 
Cavity 
cell 4 
Segment 6 0.1961 
Segment 1 0.1128 
Segment 2 0.0028 
Segment 3 0.0005 
Segment 4 0.0011 
Segment 5 0.0122 
Cavity 
cell 5 







 Table 15. The performance index for case 6 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0272 
Segment 2 0.0015 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0046 
Cavity 
cell 1 
Segment 6 0.1456 
Segment 1 0.0976 
Segment 2 0.0034 
Segment 3 0.0004 
Segment 4 0.0003 
Segment 5 0.0049 
Cavity 
cell 2 
Segment 6 0.1717 
Segment 1 0.0844 
Segment 2 0.0081 
Segment 3 0.0016 
Segment 4 0.0042 
Segment 5 0.0149 
Cavity 
cell 3 
Segment 6 0.1964 
Segment 1 0.0862 
Segment 2 0.0053 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0137 
Cavity 
cell 4 
Segment 6 0.1986 
Segment 1 0.0763 
Segment 2 0.0058 
Segment 3 0.0002 
Segment 4 0.0002 
Segment 5 0.0119 
Cavity 
cell 5 







 Table 16. The performance index for case 7 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0085 
Segment 2 0.0008 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0012 
Cavity 
cell 1 
Segment 6 0.0377 
Segment 1 0.0393 
Segment 2 0.0010 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0014 
Cavity 
cell 2 
Segment 6 0.0401 
Segment 1 0.0415 
Segment 2 0.0010 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0014 
Cavity 
cell 3 
Segment 6 0.0406 
Segment 1 0.0437 
Segment 2 0.0010 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0014 
Cavity 
cell 4 
Segment 6 0.0408 
Segment 1 0.0474 
Segment 2 0.0010 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0009 
Cavity 
cell 5 







 Table 17. The performance index for case 8 of parameter study 1  
Segment Average Velocity (m/s) 
Segment 1 0.0179 
Segment 2 0.0033 
Segment 3 0.0004 
Segment 4 0.0006 
Segment 5 0.0032 
Cavity 
cell 1 
Segment 6 0.0228 
Segment 1 0.2021 
Segment 2 0.0052 
Segment 3 0.0005 
Segment 4 0.0009 
Segment 5 0.0065 
Cavity 
cell 2 
Segment 6 0.0567 
Segment 1 0.1164 
Segment 2 0.0063 
Segment 3 0.0005 
Segment 4 0.0003 
Segment 5 0.0008 
Cavity 
cell 3 
Segment 6 0.0419 
Segment 1 0.0622 
Segment 2 0.0010 
Segment 3 0.0002 
Segment 4 0.0001 
Segment 5 0.0001 
Cavity 
cell 4 
Segment 6 0.0218 
Segment 1 0.0257 
Segment 2 0.0007 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0001 
Cavity 
cell 5 







 Table 18. The performance index for case 9 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0135 
Segment 2 0.0009 
Segment 3 0.0001 
Segment 4 0.0000 
Segment 5 0.0021 
Cavity 
cell 1 
Segment 6 0.0992 
Segment 1 0.0754 
Segment 2 0.0009 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0012 
Cavity 
cell 2 
Segment 6 0.0780 
Segment 1 0.0736 
Segment 2 0.0006 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0011 
Cavity 
cell 3 
Segment 6 0.0814 
Segment 1 0.0751 
Segment 2 0.0005 
Segment 3 0.0000 
Segment 4 0.0001 
Segment 5 0.0011 
Cavity 
cell 4 
Segment 6 0.0834 
Segment 1 0.1049 
Segment 2 0.0053 
Segment 3 0.0011 
Segment 4 0.0021 
Segment 5 0.0085 
Cavity 
cell 5 








Table 19. The performance index for case 10 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0178 
Segment 2 0.0011 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0035 
Cavity 
cell 1 
Segment 6 0.1163 
Segment 1 0.0926 
Segment 2 0.0013 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0052 
Cavity 
cell 2 
Segment 6 0.1237 
Segment 1 0.0950 
Segment 2 0.0014 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0058 
Cavity 
cell 3 
Segment 6 0.1257 
Segment 1 0.0977 
Segment 2 0.0022 
Segment 3 0.0001 
Segment 4 0.0002 
Segment 5 0.0090 
Cavity 
cell 4 
Segment 6 0.1296 
Segment 1 0.0874 
Segment 2 0.0017 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0048 
Cavity 
cell 5 







 Table 20. The performance index for case 11 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0044 
Segment 2 0.0002 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0001 
Cavity 
cell 1 
Segment 6 0.0049 
Segment 1 0.0097 
Segment 2 0.0004 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 2 
Segment 6 0.0053 
Segment 1 0.0100 
Segment 2 0.0003 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 3 
Segment 6 0.0052 
Segment 1 0.0104 
Segment 2 0.0003 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 4 
Segment 6 0.0051 
Segment 1 0.0106 
Segment 2 0.0004 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0001 
Cavity 
cell 5 







 Table 21. The performance index for case 12 of parameter study 1 
Segment Average Velocity (m/s) 
Segment 1 0.0041 
Segment 2 0.0004 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0004 
Cavity 
cell 1 
Segment 6 0.0023 
Segment 1 0.0076 
Segment 2 0.0008 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0003 
Cavity 
cell 2 
Segment 6 0.0053 
Segment 1 0.0111 
Segment 2 0.0006 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0003 
Cavity 
cell 3 
Segment 6 0.0054 
Segment 1 0.0114 
Segment 2 0.0006 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0003 
Cavity 
cell 4 
Segment 6 0.0053 
Segment 1 0.0117 
Segment 2 0.0006 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 5 




























 Table 22. The performance index for case 1 of parameter study 2 
Segment Average Velocity (m/s) 
Segment 1 0.0090 
Segment 2 0.0008 
Segment 3 0.0001 
Segment 4 0.0000 
Segment 5 0.0023 
Cavity 
cell 1 
Segment 6 0.0980 
Segment 1 0.0682 
Segment 2 0.0008 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0024 
Cavity 
cell 2 
Segment 6 0.0869 
Segment 1 0.0693 
Segment 2 0.0015 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0035 
Cavity 
cell 3 
Segment 6 0.0897 
Segment 1 0.0709 
Segment 2 0.0014 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0032 
Cavity 
cell 4 
Segment 6 0.0926 
Segment 1 0.0672 
Segment 2 0.0005 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0007 
Cavity 
cell 5 







 Table 23. The performance index for case 2 of parameter study 2 
Segment Average Velocity (m/s) 
Segment 1 0.0015 
Segment 2 0.0000 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0003 
Cavity 
cell 1 
Segment 6 0.0123 
Segment 1 0.0081 
Segment 2 0.0001 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 2 
Segment 6 0.0123 
Segment 1 0.0086 
Segment 2 0.0001 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 3 
Segment 6 0.0122 
Segment 1 0.0085 
Segment 2 0.0001 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0002 
Cavity 
cell 4 
Segment 6 0.0121 
Segment 1 0.0091 
Segment 2 0.0001 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0001 
Cavity 
cell 5 







 Table 24. The performance index for case 3 of parameter study 2 
Segment Average Velocity (m/s) 
Segment 1 0.0016 
Segment 2 0.0004 
Segment 3 0.0000 
Segment 4 0.0000 
Segment 5 0.0011 
Cavity 
cell 1 
Segment 6 0.0106 
Segment 1 0.0112 
Segment 2 0.0017 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0017 
Cavity 
cell 2 
Segment 6 0.0130 
Segment 1 0.0119 
Segment 2 0.0023 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0011 
Cavity 
cell 3 
Segment 6 0.0144 
Segment 1 0.0114 
Segment 2 0.0023 
Segment 3 0.0000 
Segment 4 0.0001 
Segment 5 0.0011 
Cavity 
cell 4 
Segment 6 0.0145 
Segment 1 0.0111 
Segment 2 0.0020 
Segment 3 0.0001 
Segment 4 0.0001 
Segment 5 0.0007 
Cavity 
cell 5 
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